Assessing Feasibility of Operations and Maintenance Automation – A Case of Small Hydropower Plants  by Selak, Luka et al.
Available online at www.sciencedirect.com
2212-8271 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of CIRPe 2015 - Understanding the life cycle implications of manufacturing
doi: 10.1016/j.procir.2015.08.101 
 Procedia CIRP  37 ( 2015 )  164 – 169 
ScienceDirect
CIRPe 2015 - Understanding the life cycle implications of manufacturing 
Assessing feasibility of operations and maintenance automation – a case of 
small hydropower plants 
 Luka Selaka, Rok Vrabiča,*, Gašper Škulja, Alojzij Slugaa, Peter Butalaa  
aUniversity of Ljubljana, Faculty of Mechanical Engineering, Aškerčeva 6, 1000 Ljubljana, Slovenia 
* Corresponding author. Tel.: +386-1-4771-746; fax: +386-1-251856. E-mail address: rok.vrabic@fs.uni-lj.si 
Abstract 
The recent developments in Information and Communication Technologies enable remote monitoring and control of distributed work systems 
and, in turn, development of new products and services related to their operations and maintenance (O&M). The paper focuses on O&M of 
small hydropower plants (SHP) and assesses the feasibility of different levels of O&M automation. A model for O&M of SHPs is developed 
and used as a basis for an event-based simulation. A case analysis of 85 Slovenian SHPs is presented. The parameters of the model are 
determined based on publicly available data and data gathered through a survey amongst the SHP operators. The feasibility calculations are 
performed for three scenarios describing different levels of automation. The results show how the presented approach can assist in decision-
making of individual SHP operators, O&M services providers, and policy makers. 
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1. Introduction 
Renewable energy sources, including wind, solar, hydro, 
tidal, geothermal, and biomass, play a key role in helping the 
EU meet its energy needs. The EU's Renewable Energy 
Directive sets a binding target of 20% of final energy 
consumption from renewable sources by year 2020 [1]. 
Beyond 2020, renewables will continue to play a key role; a 
new target of at least 27% of final energy consumption by 
2030 has already been agreed upon [1]. 
Small hydropower plants (SHPs) contribute to around 8% 
of electricity production within the renewable energy mix [2]. 
The total SHP electricity generation in EU is currently 44.1 
TWh/year, but more than 50 TWh/year can additionally be 
produced in the future [2]. 
The average operations and maintenance (O&M) cost for a 
SHP is between 1% and 5% of the investment costs [3]. These 
costs are especially high for manually controlled low power 
SHPs where the operators are involved with SHP’s operation 
24 hours per day. 
The recent developments in Information and 
Communication Technologies (ICT) enable remote process 
and condition monitoring [4,5,6] and automated control 
enabling the transformation of SHP from pure products to 
industrial product service systems [7,8]. In turn, more 
efficient operations and maintenance (O&M) can be achieved 
through newly developed products and services [9,10,11]. 
This paper studies the feasibility of SHP automation by 
introducing new products and services into O&M. A case of 
85 Slovenian SHPs is analysed. A rule-based model of SHP 
O&M is developed and simulated for three scenarios 
corresponding to different levels of O&M automation. It is 
shown how the presented approach can assist in decision-
making of individual operators, O&M service providers, and 
policy makers. 
The highlights of the paper are thus the following: (1) a 
new rule-based model which at the same time considers both 
operations and maintenance of SHPs, (2) a real world case 
study, and (3) an analysis of decision making from different 
stakeholder perspectives. 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. O&M of small hydropower plants in Slovenia 
This section gives an overview of the case by presenting 
the data which was used as the basis for SHP O&M model 
and simulation. The data is acquired from the following 
sources: (1) the Slovenian Environment Agency (ARSO) data 
on water flow rates, (2) ARSO data on concessions for water 
use, and (3) a survey, conducted with 85 SHP operators [4]. 
2.1. ARSO data on water flow rates 
ARSO stores historical data of water levels, flows, and 
temperatures for most Slovenian rivers in an online, publicly 
available archive. The data is stored once per day. 
Consequently one day represents the primary time division in 
the conducted case-study. 
The process of identifying the best measurement station for 
each SHP consists of first looking up which river the SHP 
uses based on its geographical location. Then, if there is a 
measurement station of the same river, the closest one is 
taken. If no measurement station is found, adjacent rivers are 
considered. Care is taken that the measurement station of a 
river with a similar flow profile is taken. For example, if the 
SHP is on a small river, large rivers are not considered, since 
their flow profile usually significantly differs. 
Overall, 38 measurement stations are identified for the 85 
SHPs under consideration. 
2.2. ARSO data on concessions for water use 
The data on concessions for water use is publicly available 
for 501 SHPs. Among other data, parameters such as the 
geographical location of water withdrawal and outlet back to 
the river, the estimated yearly electricity production and 
maximum allowable water withdrawal are considered. 
The Slovenian SHPs are mainly located in the mountainous 
regions and in rivers with higher discharge and low net head. 
Fig. 1 shows the locations of all SHPs. The 85 SHPs under 
consideration are shown in red. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Slovenian SHPs. The SHPs under consideration are shown in red. 
2.3. The survey 
To obtain a detailed view of SHP O&M an interview was 
conducted among 85 SHP operators. The main focus of the 
survey was related to SHP management, monitoring, control, 
and maintenance of privately owned SHPs. An example 
answer is presented in Table 1. 
Table 1. An example excerpt from the survey data. 
Parameter Value 
River Poljanska Sora 
Time spent per inspection 15 minutes 
Number of inspections per day 2-3 
Number of sudden stops per year >30 
Number of turbine maintenances per year 15-30 
Number of minor maintenances per year 15-30 
Time spent for dam maintenance per year 12 hours 
Stopped due to high water flow rate 72 hours 
Stopped due to low water flow rate 0 days 
Control according to available water flow rate yes 
 
The surveyed SHPs vary greatly in terms of size and O&M 
procedures. Their electricity production ranges from less than 
10 MWh/year up to almost 6 GWh/year. The majority of them 
produce between 100 and 500 MWh/year. 
61% of the SHPs are controlled manually. The rest, which 
are mostly larger and company operated, are monitored and 
controlled using a mixture of manual control and control 
centres. The number of manual inspections of SHPs ranges 
from once per week to five times a day. The largest part of 
surveyed SHPs (34%) are inspected once per day. The time of 
inspection is mostly one hour or less (in 82% of cases), with 
most operators needing 15 minutes for a single inspection. 
The average reported total time for inspections is 58 minutes 
per day and ranges from 0 to 480 minutes. 
27% of operators report that their SHPs experience 
between 0 and 5 sudden stops per year, 37% between 5 and 
15, 24% between 15 and 30, and 12% more than 30 sudden 
stops per year. Turbine maintenance (clogging of the turbine 
and/or the intake grate, mostly due to autumn leaf fall) is 
performed between 0 and 5 times per year by most, but for 
20% of operators, this represents a real problem, as they 
report that the turbine maintenance is performed more than 30 
times per year. Events that require minor maintenance 
reportedly take place less than 15 times per year in 73% of 
cases. On average, 21 hours per year are spent on dam 
maintenance. 
On average, the SHPs are stopped due to high water flow 
rate for 72 hours per year, but the largest reported value was 
as high as 612 hours (25.5 days). The stops due to draught, 
which happen mostly in July and August, last almost 18 days 
on average, with 125 days reported as the maximum. 
62% of SHP operators would be willing to outsource the 
O&M of the SHP. 
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3. Small hydropower plant O&M model and simulation 
The primary functionality of SHPs is the transformation of 
the river’s water energy into electrical energy. Therefore, the 
operation of a SHP depends on various environmental factors, 
the most important of which is the flow rate of water. For 
example, when the water flow rate is extremely high, the net 
head of some SHPs lowers below the operational limit and the 
SHP has to be stopped. On the other hand, when the water 
flow rate is too low, the SHP needs to be stopped in order to 
ensure the ecologically acceptable flow, i.e. the quantity of 
water flow rate required to sustain a healthy river ecosystem. 
In terms of O&M, the basic activities are the following: (1) 
daily inspections, which include the inspection of operational 
parameters, control according to the available water flow rate, 
and restarting the SHP in case of a sudden stop, (2) stopping 
and starting of the SHP in extremely high or low water flow 
rate conditions, and (3) maintenance activities including 
overhaul, dam and turbine maintenance, and minor repairs. 
The proposed O&M model is a rule-based model which 
defines in what circumstances O&M actions take place and 
how much time is needed for them. The rule-based approach 
allows for a more detailed description of SHP operation than 
statistical approaches [12]. The model consists of the 
operations model and the maintenance model. The operations 
model defines how SHP operates in relation to environmental 
parameters and when events that require maintenance actions 
occur. The maintenance model relates combinations of events 
to the times required for their execution.  
The models consider only the times, needed for activities 
and do not consider costs because the costs of equipment, 
workforce, and services greatly vary across implementation 
scenarios, which would result in a large uncertainty. 
3.1. The operations model 
The operations model for the case of SHPs defines the 
following events: high water flow rate (HF), low water flow 
rate (LF), changing water flow rate (CF), start/stop of SHP 
(ST), sudden stop (SS), minor maintenance (MM), dam 
maintenance (DM), and turbine maintenance (TM).  
Each event is triggered by a specific set of conditions. For 
example, a stop event (ST) occurs when the water flow rate 
falls below a predetermined limit. Similarly, turbine 
maintenance (TM) occurs several times in the period of leaf 
fall.  
Table 2. Event conditions. 
Event Condition 
HF Q(t) > Qhf 
LF Q(t) < Qlf 
CF | Q(t) – Q(t-1) | > Qd 
ST HF(t) != HF(t-1) OR LF(t) != LF(t-1) 
SS RANDOM, nss times per year 
MM RANDOM, nmm times per year 
DM RANDOM, ndm times per year, by priority: when HF = true, 
then when LF = true 
TM RANDOM, ntm times per year, when leaf fall 
 
Furthermore, several events may occur at the same time, 
i.e. on the same day. The set of events and their conditions is 
shown in Table 2, where Q(t) is the water flow rate at time t, 
Qhf and Qlf are high flow and low flow limits respectively, Qd 
is the minimum difference in flow that triggers a control 
action, and nss, nmm, ndm, and ntm are the yearly frequencies of 
associated events. 
Fig. 2 depicts how the model relates to an example water 
flow rate Q(t). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. An example of the execution of the operations model. 
3.2. The maintenance model 
The maintenance model is used to transform the results of 
the SHP operation simulation into time required for 
maintenance. Table 3 illustrates example rules used to 
determine the time needed for maintenance of a manually 
controlled SHP. For example, rule r5 says that when HF, LF, 
and CF conditions are false, the required time is number of 
inspections per day n multiplied by inspection time tv, 
regardless of other conditions. This corresponds to normal 
operation when the water flow rate is normal, i.e. between Qlf 
and Qhf, and not changing significantly. Needed maintenance 
time for individual event combination is set based on expert 
experience and survey data. 
Table 3. Example rules for maintenance time of SHP. 
Rule HF LF CF DM SS MM ST TM Time 
r4 0 1 X X X X X X tv/7 
r5 0 0 0 X X X X X n*tv 
 
 
 
The maintenance model allows for definitions of different 
scenarios. The needed maintenance times can be defined 
according to the O&M strategy and the level of automation. 
For example, the response to certain events might be slow 
when manual monitoring and control are used as opposed to 
them being automatised. 
The presented O&M model is directly applicable for event-
based simulation. The accuracy of the simulation depends on 
the accuracy expert’s assessment of parameters and times 
used in the models. 
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3.3. The simulation 
The simulation reverse engineers an operational time line 
and estimates how much maintenance was needed on a 
particular day. The simulation was conducted in Wolfram 
Mathematica software, which enables seamless integration of 
heterogeneous data sources along with complex analysis and 
visualisation. 
Operational and maintenance models for each SHP are 
employed to produce probable operation of SHP for real 
historical input data of river water flow rates. The SHP 
operation is recorded as a time series of fired events with the 
resolution of one day. For each day the state of events is 
established and, in turn, transformed into maintenance time 
according to the maintenance model rules. 
The simulation is done for all 85 SHPs through the entire 
period of observation, taking into account nominal numbers of 
events for individual SHP that are based on the survey data. 
Events are fired according to the condition of the operation 
model. The timeline of gathered events is then used to 
estimate the needed maintenance times for each SHP on each 
day of the observed time period.  The needed maintenance 
time depends on the level of SHP automation that is defined 
in the particular scenario. In the following analysis multiple 
automation scenarios are played out and analysed. 
4. SHP Automation scenarios 
Three distinct automation scenarios have been defined: (1) 
manual operation, (2) basic automation, and (3) full 
automation. 
4.1. Manual operation 
The manual operation scenario represents the current state 
of SHP O&M. In this scenario no part of the SHP is 
automated and everything is done manually. On a regular day 
the operator visits the SHP several times and adjusts the 
turbine settings according to the available water flow rate. 
In case of high water flow rate, the operator must stop the 
SHP and be present on site to control the dam intake gates.  
When the period of high water flow rate ends the operator 
starts the SHP. At the start of low water flow rate period the 
operator stops the SHP and closes the intake gates. The 
operator is rarely present during the low water flow rate 
period but starts the SHP when the water flow rate rises again.  
Table 4. Rules for maintenance times of a manually controlled SHP. 
Rule HF LF CF DM SS MM ST TM Time [min] 
r1 1 X X X X X X X 480 
r2 0 X X 1 X X X X 180 
r3 0 X X X X X 1 X 60 
r4 0 1 X X X X X X tv/7 
r5 0 0 X X X X X X n * tv 
r6 0 0 X X 1 X X X 10 
r7 0 0 X X X 1 X X 30 
r8 0 0 X X X X X 1 45 
 
A sudden stop of the SHP occurs due to electrical surges in 
the grid and activation of SHP protections measures. In case 
of a sudden stop the operator must visit the SHP and usually 
just restarts it. 
In some cases minor maintenance is necessary. Both 
sudden stop and minor maintenance events are triggered at 
random during whole year. Dam maintenance is conducted 
during high water flow rate with opening of the flush gates. 
Dam structural reparations are preferably done during low 
water flow rate or normal conditions. 
4.2. Basic automation 
In the basic automation scenario remote monitoring of SHP 
is established. Remote monitoring can be realized using 
appropriate sensors, a PLC controller, and a communication 
modem. With this upgrade, the daily inspections are replaced 
by remote ones. Remote monitoring takes approx. one minute 
of operator’s time per inspection. For every other event the 
operator must visit the SHP. 
Table 5. Rules for maintenance times of a SHP with basic automation. 
Rule HF LF CF DM SS MM ST TM Time [min] 
r1 1 X X X X X X X 480 
r2 0 X X 1 X X X X 180 + tv 
r3 0 X X X X X 1 X 60 + tv 
r4 0 1 X X X X X X 1 
r5 0 0 0 X X X X X n * 5 
r6 0 0 1 X X X X X n * tv 
r7 0 0 X X 1 X X X 10 + tv 
r8 0 0 X X X 1 X X 30 +tv 
r9 0 0 X X X X X 1 45 + tv 
 
4.3. Full automation 
Full automation covers remote monitoring, remote 
start/stop, automatic SHP turbine control according to the 
available water flow rate, and remote gate control. The 
function of remote gate control distincts full from basic 
automation of SHP. All O&M inspections except for minor 
maintenance and turbine maintenance are eliminated. Instead 
of operator’s inspections, O&M activities are done remotely. 
Table 6. Rules for maintenance times of a fully automatised SHP. 
Rule HF LF CF DM SS MM ST TM Time 
[min] 
r1 1 X X 0 X X X X 120 
r2 X X X 1 X X X X 180 + tv 
r3 0 X X X X X 1 X 30 
r4 0 1 X X X X X X 5 
r5 0 0 0 X X X X X n * 5 
r6 0 0 1 X X X X X m * 10 
r7 0 0 X X X 1 X X 30 + tv 
r8 0 0 X X X X X 1 45 +  tv 
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4.4. Automation scenario comparison 
The simulation of the three automation scenarios for all 85 
SHPs under consideration shows that the average O&M times 
drastically decrease with increasing automation. The average 
O&M times go from 9 hours per day in case of manual 
operation to 2.2 hours per day in case of basic automation and 
to 0.5 hours per day in case of full automation. 
Fig. 3 illustrates the simulation of the automation scenarios 
for the case of SHP “Zgornja Volaka”. The SHP has a Francis 
turbine with installed capacity of 70 kW. On average, it 
produces 302 MWh/year. The operator lives nearby and the 
O&M take him 45 minutes per day on average. The SHP 
reportedly experiences more than 30 sudden stops per year 
and requires regular turbine maintenance. On average, it is 
stopped for 72 hours per year in time of high water flow rate. 
The SHP does not have automatic control according to the 
available water flow rate. 
Fig. 3 shows that the average daily O&M times drop from 
45 minutes in case of manual control to 27 minutes in case of 
basic automation and furthermore to 19 minutes in case of full 
automation. The uncertainty, shown in Fig. 3 as the standard 
deviation of 1000 runs of the simulation, is mainly the 
consequence of random placement of events over the year. 
In spring and early summer (days ~80 – 180) the water 
flow rate varies as a consequence of frequent rainfall as 
shown in Fig. 3b. Due to this, the O&M time slightly increase. 
In case of basic automation, the operator still needs to inspect 
the SHP to adjust parameters according to the water flow rate. 
With full automation the need for the inspections is reduced, 
but the operator still has to perform dam maintenance and 
other minor maintenances. Similar operation takes place in 
summer due to possible thunderstorms. The average O&M 
time in autumn is increased approximately threefold in case of 
manual control and basic automation. However, full 
automation reduces this by approximately half. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Automation scenario simulation for the case of SHP Zgornja Volaka. 
The standard deviations (n = 1000 repeats of the simulation) are shown as 
colored bands around the average. 
5. O&M automation feasibility assessment 
The presented approach allows for an analysis of 
perspectives of different stakeholders. The points of view of 
(1) SHP operators, (2) O&M service providers, and (3) policy 
makers are presented through the following examples. 
5.1. SHP operators’ perspective 
The most influential parameter for manually operated 
SHPs is operator’s inspection time. The inspection time 
consists of the time needed to travel to and from the SHP and 
times needed for inspections of the machinery and the dam. 
The longer the inspection time, the larger decrease in 
O&M times is expected with basic automation. If the water 
flow rate is more dynamic, larger decrease in O&M times is 
expected with full automation. From that follows that for 
relatively constant water flow rate basic automation is 
sufficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. O&M time comparison for a case 2 and case 3 SHPs (78, 20) based on 
automation levels. 
Fig 4. shows an example of two SHPs with different 
inspection times. The first SHP (Fig. 4a) is a larger one which 
produces 1280 MWh/year. It is inspected three times per day; 
each inspection lasts two hours. Its dam is hard to access and 
relatively far (1200 m) from the machine room. The second 
SHP (Fig 4b) is a small one producing 82 MWh/year. It is 
inspected twice per day for 15 minutes. 
In the first case basic automation drastically decreases the 
O&M times during normal operation. However, when control 
according to flow is required, the operator must still visit the 
SHP to perform inspections. 
Full automation is most beneficial in two cases: in time of 
control according to water flow rate and in time of high water 
flow rate. In the second case, where the inspection time is 
short, full automation proves beneficial only in time of high 
water flow rate. 
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5.2. O&M service providers’ perspective 
Fig. 5 shows a case of 5 SHPs on river Bača. Total O&M 
times are shown for the 5 SHPs. It is assumed that the service 
provider’s control centre is a two hour drive away from the 
SHPs for the cases of basic and full automation. 
In case of basic automation, the service provider needs 
more time than the operators. This happens because the time 
of travel for the service provider is more than the combined 
times of travel for the 5 operators. O&M as a service is 
therefore only feasible in case of full automation of the SHPs. 
 
 
 
 
 
 
 
 
 
 
Fig. 5. O&M time comparison between SHP operators (manual control) and 
an O&M service provider (basic and full automation). 
5.3. Policy makers’ perspective 
Fig. 6 shows the average O&M times for all 85 SHPs 
under consideration. Currently, more than one hour daily is 
spent for O&M per SHP, on average. With basic automation, 
the O&M times drop to approximately half, while with full 
automation they drop to approximately a third of the current 
values. 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Average O&M time for one SHP based on automation levels. 
From the perspective of the policy makers (e.x. the 
government), basic automation provides benefits in terms of 
the ability of remote monitoring of electricity production and 
remote monitoring of water flow rate which can be, in turn, 
used to monitor whether the water flow rate is ecologically 
acceptable. Full automation, on other hand, could potentially 
be useful for providing control in case of floods. 
6. Conclusion 
The presented research discusses the feasibility of O&M 
automation for a case of 85 Slovenian SHPs. The scenarios of 
manual control, basic automation, and full automation are 
analysed from perspectives of SHP operators, O&M service 
providers, and policy makers. The results show that basic 
automation is highly beneficial for operators whose SHPs are 
remote and who currently spend a lot of time for daily 
inspections. Full automation is most beneficial in cases where 
the water flow rate is very dynamic. If service providers offer 
O&M-as-a-service, they should look towards full automation, 
because there is little to no benefit in implementing only basic 
automation. Policy makers should strive towards subsidising 
basic automation which would allow for remote monitoring of 
electricity production and monitoring of ecological 
acceptability of the water flow rate. Subsidising full 
automation would only make sense in flood-prone areas in 
order to allow for coordinated control of river flows. 
To ensure sustainable SHP energy production, further data 
driven models should serve as the basis for decision making 
on all stakeholder levels. Future work should therefore focus 
on extending the presented approach towards a large-scale 
study, taking into account specifics of different regions and 
countries. Development of new scenarios for condition-based 
and predictive maintenance is required. Energy production, 
equipment, workforces, and service costs should be included 
into analysis which will, in turn, allow for a wholesome 
economic assessment of O&M automation feasibility. 
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